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Evidence of boron assistance for CO2 activation during copper-catalyzed 1 
boracarboxylation of vinyl arenes: A synthetic model for cooperative fixation 2 
of CO2 3 

ABSTRACT: In this comment, insights gained from density functional theory into the mechanism 4 

by which the Cu(I)-catalyzed boracarboxylation of vinyl arenes occurs with specific focus on the 5 

CO2 insertion step are presented. Preliminary calculations indicated a potential non-covalent 6 

interaction between boron and CO2 in the carboxylation transition state, implicating cooperative 7 

CO2 activation. A study of boron Lewis acidity was conducted through substitution of sp2 mono-8 

boron substituents. An inverse correlation between boron valency deficiency (BVD) and the 9 

enthalpic barrier of CO2 insertion into the b-borylbenzyl-Cu(I) bond was revealed, supporting 10 

Lewis acid/base cooperativity between boron and the proximal oxygen of CO2 at the carboxylation 11 

insertion transition state. These findings suggest that future methodology development should 12 

consider strategic incorporation of similar Lewis acidic functionality to facilitate carboxylation of 13 

challenging substrates.  14 
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INTRODUCTION  17 

Carbon dioxide as a C1 synthon has been a focus of chemical research recently due to its large 18 

abundance and low cost as well as the prevalence of the carboxylic acid functionality in many 19 

synthetically and pharmaceutically interesting targets.[1,2,3,4] However, CO2 remains an 20 

underutilized feedstock due to its inherent stability and lack of reactivity under practical 21 

conditions.[1a,1b]  The need to identify conditions that will readily allow for CO2 activation and 22 



 3 

functionalization has resulted in many transition metal systems aimed at carbon dioxide conversion 1 

in recent years.[4,5] 2 

Understanding the mechanism by which CO2 is activated by transition metal complexes is 3 

imperative to developing catalytic methods for CO2 valorization. Thus, a great deal of attention 4 

has been given to the synthesis and characterization of carbon dioxide-appended metal 5 

complexes.[4,6] Given that the nature of binding depends heavily on the electronic state of the metal 6 

center, more nucleophilic late transition metals, such as copper and nickel, are generally required 7 

to activate the electrophilic carbon of CO2. The first complex demonstrating binding through 8 

carbon was described by Aresta in 1975 with the characterization of Ni(PCy)2(h2(C,O)-CO2),[6a] 9 

Aresta’s complex, and many other examples of h2-(C,O) and h2-(O,O) binding followed (Figure 10 

1A).[6] A number of these discrete complexes have demonstrated stoichiometric and catalytic 11 

reactivity toward carboxylation.[6h,7] One example from Dong and colleagues demonstrated that 12 

Aresta’s complex coupled with organozinc reagents allows catalytic access to 13 

organocarboxylates.[6h]  14 

[insert Figure 1 here] 15 
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Highly reactive enzymes that catalyze small molecule activation have been of interest in 17 

developing synthetic analogs. One avenue of research in biomimetics focuses on the concept of 18 

second-sphere activation, a common motif in biological systems.[8] For instance, carbon monoxide 19 

dehydrogenase (CODH II),[9] which is responsible for carbon fixation in anaerobic bacteria, 20 

facilitates the reversible oxidation/reduction of CO/CO2 through substrate activation by a histidine 21 

residue proximal to the Ni-Fe binding site (Figure 1B). With such inspiration, many have 22 

successfully demonstrated second sphere activation in discrete synthetic complexes, specifically 23 
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the activation of CO2.[10]  In 2011, for example, Crabtree and Harazi employed an Ir(III)-PNP 1 

complex featuring a hydridic site at the metal and protic site in the ligand scaffold to reduce CO2 2 

to formate.[10a] Second-sphere activation of CO2 can also be initiated through addition of 3 

exogeneous Lewis acid, such as in the case Re-CO2 complex described by Berke or frustrated 4 

Lewis pair (FLP) reactivity described by Fontaine (Figure 1C).[10c,10d] 5 

Valorization of CO2 has also been expanded past C1 product formation (eg., formate, carbon 6 

monoxide) to include the functionalization of more complex organic frameworks. 7 

Hydrocarboxylation of allenes, alkynes, aldehydes, etc. has been well documented using many 8 

synthetic methods.[5,11] However, hetero(element)carboxylation, in which the reducing element (or 9 

moiety) is not a hydride equivalent, has been studied to a lesser extent, and mechanistic 10 

understanding is limited. Only in recent years has this concept been expanded upon, with a handful 11 

of examples of boron- and silicon-based derivatizations.[Error! Bookmark not defined.,Error! Bookmark not 12 

defined.,Error! Bookmark not defined.] One notable example, reported in 2012 by Hou, demonstrated copper-13 

catalyzed boracarboxylation of internal and terminal alkynes, generating a series of a,b-14 

unsaturated boralactonates.[Error! Bookmark not defined.] In 2016, we extended 15 

hetero(element)carboxylation for the first time to sp2-hydrocarbon substrates when we reported 16 

the catalytic boracarboxylation reaction to vinyl arenes using an ICyCu(I) complex (ICy = 17 

dicyclohexyl-2H-imidazolylidene) and bis(pinacolato)diboron (B2pin2) as the reductant (Figure 18 

2).[Error! Bookmark not defined.a] The catalytic reaction demonstrated excellent regioselectivity, favoring 19 

installation of the carboxylate in the benzylic position, while maintaining mild conditions similar 20 

to those in the previously reported hetero(element)carboxylation systems (i.e. ambient 21 

temperatures, low CO2 pressures, etc.). The boracarboxylation reaction is amenable to electron 22 



 5 

rich- and electron neutral substrates, providing good to excellent yields, and recently, methods to 1 

overcome the original electronic limitations were reported.[Error! Bookmark not defined.b]  2 

[insert figure 2 here] 3 
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 The proposed mechanism, based on past experimental and computational observations,[Error! 5 

Bookmark not defined.,Error! Bookmark not defined.] identifies carboxylation of the Cu(I)-benzyl-b-boryl 6 

intermediate as the rate determining step of the boracarboxylation reaction (Figure S2). Following 7 

2,1-insertion of the vinyl arene into a Cu-Bpin bond, CO2 associates at the Cu(I) center in apparent 8 

h2-(C,O) fashion prior to insertion into the nucleophilic Cu(I)-benzyl bond.[Error! Bookmark not 9 

defined.,Error! Bookmark not defined.,Error! Bookmark not defined.] Our own computational analysis using density 10 

functional theory (DFT) revealed a close interaction between the boron and the proximal oxygen 11 

of the metal-bound CO2 in the carboxylation transition state, a detail that had not been discussed 12 

in previous studies (cf., Figure 1d). Motivated by this observation as well as precedent that boron 13 

can facilitate carboxylative transformations cooperatively,[9,12,13,14] a computational analysis was 14 

initiated. Here, we present a computational study of the impact of boron electronic character on 15 

the CO2 insertion barrier in the boracarboxylation of styrene. 16 

 17 

METHODS  18 

All calculations were performed using the Gaussian 09 package.[15] For ground state and 19 

transition state geometry optimizations, the M06 functional[16,17] and the Pople basis sets 6-20 

311+G(d) for copper and 6-311G(d) for all other atoms were used,[18] applying a fine integral grid 21 

(75,302) to all calculations.[19] Normal-mode analyses were performed at the same level of theory, 22 

confirming that each optimized minimum or transition state has zero or one imaginary frequency, 23 



 6 

respectively. IRC analysis was used to confirm that transition states related to the appropriate 1 

reaction/product potential energy surface. Single-point self-consistent reaction field calculations 2 

(SCRF) were also performed with tetrahydrofuran solvation, the catalytic reaction solvent,[Error! 3 

Bookmark not defined.] specified using the SMD model.[20] Natural bond orbital (NBO) analysis was 4 

performed using the Gaussian NBO version 3.1[21] with the same level of theory. Natural bonding 5 

orbitals were visualized using NBOPro 6.0,[21] and Jmol visualization software was used for 6 

generation of 3D NBO plots.[22] NBO analysis allowed for the determination of boron valence 7 

deficiency (BVD) for each boron moiety. BVD was calculated by subtracting the electronic 8 

population of the boron atom from the formal valence of three.[23]  9 

 10 

RESULTS AND ANALYSIS 11 

Computational analysis of the reaction mechanism was conducted in 2017 by Lu and 12 

colleagues, wherein the effect of sterics of the ancillary N-heterocyclic carbene (NHC) and 13 

phosphine ligands employed in the catalytic reaction was explored.[Error! Bookmark not defined.] A steric 14 

dependence was observed in the CO2 insertion into the Cu-benzyl bond, namely an inhibitory 15 

interaction between the proximal pinacol oxygen and the hydrogens on the NHC ligand. Although 16 

it was revealed that steric contributions of the ancillary ligands affect the CO2 insertion energy 17 

barrier, there was no consideration for the role of the boron fragment. We viewed this as an 18 

important detail that was overlooked, thus we sought to identify how the electronic nature of the 19 

boron fragment may assist carboxylation.  20 

The full ICy-ligated copper-benzyl complex with a slightly sterically reduced ethyleneglycato  21 

boron ester (eg-B) was used to locate the carboxylation transition state.[Error! Bookmark not defined.] The 22 

transition state structure revealed close contact between the boron and the proximal oxygen of the 23 
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CO2 associated at Cu (Figure 3A). The distance (rB-O = 2.51 Å) falls within the Van der Waals 1 

radii range for these atoms (O=1.5 Å; B=1.8 Å),[24] suggesting the potential for a non-covalent 2 

interaction.  3 

Natural bond orbital analysis (NBO), a powerful tool that provides information about electron 4 

density distribution in atoms and bonds of a molecular structure,[25,26] was utilized to understand 5 

the apparent interaction. NBO analysis revealed that the vacant acceptor p orbital on the boron 6 

ester moiety overlaps with the appropriately oriented donor oxygen lone pair orbital (Figure 3B). 7 

Consistent with this qualitative picture, a stabilization energy of 8.7 kcal/mol, obtained from NBO 8 

2nd order perturbation analysis, was calculated for the interaction between the appropriately 9 

oriented lone pair of the CO2 oxygen and the boron vacant p orbital. This encouraged us to explore 10 

the electronic variability at boron through modification of the ester functional group and determine 11 

the resulting energetic effect on donor/acceptor orbitals identified in the carboxylation transition 12 

state structure.  13 

[insert Figure 3 here] 14 
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This study focuses on variability strictly at the boron center, thus removing steric 16 

contributions from the ancillary ligand without altering the electronic contribution significantly 17 

was deemed important. The use of the truncated IMe model ligand (IMe = dimethyl-2H-18 

imidazolylidene) in place of ICy was shown to have minimal effects on the energetics of the system 19 

in previous computational studies.[Error! Bookmark not defined.] Gratifyingly, the enthalpic barrier of CO2 20 

insertion for both ICy and IMe model systems were comparable, differing by less than 1 kcal/mol 21 

(Figure S1). Thus, the remainder of the study was conducted using the IMe model system. 22 
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We identified three energetically feasible transition states for the carboxylation of copper-benzyl 1 

complex (structure A, Figure 4): 1) a cooperative pathway in which boron interacts with the 2 

proximal oxygen of CO2 (structure B); 2) a non-cooperative pathway wherein the boron substituent 3 

is directed away from the metal center (structure C); and 3) an SEn-like pathway in which the 4 

copper center does not participate directly in C–C bond formation (structure D). The structure 5 

resulting from an SEn mechanism was considered based on a report of styrene carboxylation 6 

through the formation of a “masked” carbanion from boronic ester substituted substrates[27] as well 7 

as our own research using a stereochemical probe substrate (b-methylstyrene) that revealed the 8 

major and minor diastereomers (dr > 7:1) resulted from direct insertion and electrophilic 9 

substitution, respectively.[Error! Bookmark not defined.a] The cooperative insertion transition state is lower 10 

in energy in the gas phase while both insertion transition states, with THF solvation, are essentially 11 

isoenergetic. Attempts to identify ground-state and/or transition-state structures that feature 12 

competing boron-THF Lewis pairing were unsuccessful.[28] The SEn-derived transition state is less 13 

favorable than both insertion transition states, which is consistent with our previous experimental 14 

data. To explore the potential energetic impact of the Lewis-acid character on cooperative pathway 15 

(structure B), a series of boron moieties that spanned a range of Lewis acidic character were 16 

evaluated computationally (Figure 5).   17 

[insert Figure 4 here] 18 

19 
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 [insert Figure 5 here] 1 

 2 
 3 

The Lewis acidity of each boron center was assessed through its natural charge (NC) and boron 4 

valence deficiency (BVD), a parameter established by Plumley and Evanseck in 2009 in their study 5 

of boron Lewis acidity in a number of H3N–BX3 adducts.[23] BVD is defined as the ability of boron 6 

to accept electrons, analogous to the concept of Lewis acid/base theory,[29] and it is determined by 7 

subtracting the NBO computed natural valency of boron from its formal valence of three. This 8 

alternative description of the Lewis acidity of boron is necessary, as the electronegativity of 9 

substituents alone does not adequately describe the ability of boron to participate in non-covalent 10 

interactions (cf., Figure S3).  Our analysis of the NBO results from the series of b-borylbenzyl-11 

copper complex carboxylation transition states (Table 1) revealed a positive correlation close to 12 

unity (Figure 6A), confirming the direct relationship between BVD and the NC on boron and 13 

validating its use as a diagnostic tool.   14 

BVD values were then compared to the enthalpic CO2 insertion barrier (Figure 6B). A moderate 15 

correlation was observed in which the enthalpic barrier decreased with increasing BVD. Spanning 16 

a range of electronegativities from BH2 to BF2 (EN: H = 2.1; F = 4.1),[30] an overall change in 17 

enthalpy of 20 kcal/mol was observed.  18 

[insert Table 1 here]  19 
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 1 

 2 

The correlation of BVD and the CO2 insertion barrier was further examined using NBO 2nd 3 

order perturbation analysis to obtain stabilization energies, denoted DE(2)iàj* or E(2). 4 

Donor/acceptor behavior was quantified through stabilization of the donor orbital upon overlap 5 

with an unoccupied orbital (ie., i = appropriately oriented lone pair of the CO2 oxygen; j = vacant 6 

p orbital of boron). Stabilization energies of boron ester and amide derivatives were found to 7 

correlate well with BVD (Figure 7, black trace), and a rendering of donor/acceptor NBOs 8 

illustrates significant orbital overlap (cf., Figure 7). For example, there is a stronger stabilizing 9 

interaction (5 kcal/mol) between the donor/acceptor pair for B(eg) relative to analogous B(en) 10 

(en=ethylenediamino) (BVD = 1.24 and 1.02, respectively). Further, the interaction distance 11 

between the boron and the participating oxygen atom was examined (Figure 7, red trace). An 12 

inverse correlation was found for alkoxy and amido substituents obtained wherein decreasing BVD 13 

led to an increased distance (rB-O) between the Lewis pair.[31] The decrease in the stabilization 14 

energy as the polarization of the B-X bond is reduced speaks to the importance of increased Lewis 15 

acidity at boron in promoting the delocalization of electron density from the CO2 moiety, thereby 16 

providing a more electrophilic carbon to initiate insertion into the copper-benzyl bond.  17 

 18 

[insert Figure 7 here]  19 

 20 
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PERSPECTIVES AND IMPLICATIONS  1 

This computational study has evaluated the potential for an intramolecular Lewis 2 

donor/acceptor interaction to facilitate carboxylation of b-borylbenzyl-Cu(I) species relevant to 3 

catalytic boracarboxylation. We show that the enthalpic barrier of CO2 insertion decreases with 4 

increasing electron deficiency at the boron center as quantified using NBO-determined boron 5 

valence deficiency. The kinetic benefit of an electron deficient boron suggests a more active role 6 

in which boron participates as a Lewis acid that promotes CO2 insertion through the removal of 7 

electron density from the proximal oxygen, thereby yielding a more electrophilic carbon poised 8 

for metalation by copper. Interestingly, similar NHC-copper complexes are not viable catalysts for 9 

hydrocarboxylation of vinyl arenes.[32] The present study provides a conceptual framework for 10 

understanding how pinacolboryl- and other boron moieties could play a cooperative role in 11 

catalytic boracarboxylation.  12 

Given the prevalence of Lewis-acid-assisted activation of C=O bonds in organometallic 13 

transformations,[33]  most notably migratory insertion, we suggest that this concept might be 14 

extended to similar transition-metal-catalyzed carboxylation systems through strategic 15 

catalyst/reaction design.[6] A vast literature now exists on the preparation of a wide variety of boron 16 

containing compounds, which reinforces their importance in contemporary organic chemistry (cf., 17 

diboration reactions, Figure 8).[34] Compounds containing boron are also well studied as activators, 18 

co-catalysts, or stand-alone catalysts for synthetic transformations.[13] The Szymczak group, for 19 

example, demonstrated the usefulness of boron-appended ligand-metal complexes in several 20 

transformations, including alkyne hydrogenation[13a] and hydrazine activation[13h-i] (Figure 8, top 21 

right). These methods harness the Lewis-acidic properties of the pendent borane in the second 22 

sphere to cooperatively activate Lewis-basic compounds. Similar concepts have been extended to  23 



 12 

coupling through the introduction of a boronic ester adjacent to a Lewis-basic substituent that both 1 

promotes facile cross coupling through intramolecular chelation and neighboring group 2 

stabilization of challenging transition-state structures  (Figure 8, bottom left).[14] 3 

 4 

[Insert Figure 8 here]  5 

 6 

Each of the synthetic methods described above, however, require pre-installation of the boron 7 

functionality as well as prior isolation. Only one example exists of a system that couples, in a 8 

single reaction, the introduction of a Lewis acid functional group with subsequent Lewis-acid-9 

promoted proximal functionalization. Morken and coworkers proposed that a pinacolboryl 10 

substituent, introduced during alkene diboration, activates the second pinacolboryl substituent for 11 

transmetallation in a subsequent Pd-catalyzed arylation reaction (Figure 8, bottom center).[12] The 12 

computational study presented here supports a similar activating role for pinacolboryl substituent 13 

in the CO2 insertion step, and is strikingly similar to the pathway for reversible CO2 binding at 14 

carbon monoxide dehydrogenase (CODH II).[9] To the best of our knowledge, a similar biomimetic 15 

CO2 activation pathway has yet to be discovered or rationally coupled to a transition-metal-16 

catalyzed reaction.  We believe such a pathway could create significant new opportunities for the 17 

improved installation of CO2 in organic molecules, an important contemporary endeavor. Efforts 18 

are currently underway to demonstrate this concept experimentally both in copper-catalyzed 19 

boracarboxylation as well as other late-transition-metal carboxylation reactions where strategic 20 

incorporation of a boron functional group, or Lewis acid more generally, could allow selective 21 

functionalization.      22 

 23 
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Tables:  

 

Table 1. Boron valence deficiency (BVD), natural charge (NC), CO2 insertion enthalpy, and the distance 
between the boron atom and the appropriate oriented oxygen atom on CO2 in the transition state (rB—O). 

 

Boron Fragment  
(-BX2) BVD

a
 

Charge (e) on 
Boron

b
 

DH
‡
smd 

(kcal/mol) 
rB—O (Å) 

-(F)2 1.33 1.30 2.56 1.93 

-(OMe)2 1.27 1.24 7.23 2.45 

-OCH2CH2O- 1.24 1.20 6.75 2.49 

-O(CH)2O- 1.23 1.19 6.60 2.45 

-(OH)2 1.22 1.18 5.99 2.48 

-NH(CH2)2NH- 1.04 1.02 8.16 2.75 

-(Ph)2 1.03 1.00 4.52 2.03 

-(CH3)2 0.99 0.96 9.42 2.09 

-(NH2)2 0.98 0.95 9.55 2.92 

-NH(CH)2NH- 0.94 0.92 10.26 2.90 

-(Cl)2 0.72 0.64 15.92 2.06 

-(H)2 0.40 0.39 22.66 1.90 
a 
Boron valence deficiency determined by subtracting the NBO-calculated valence of 
 boron at the transition state from the formal valence of boron (3). 

b 
Natural charge  

 obtained from NBO analysis. 
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Figure 8:  

 
 

Figure captions: 

Figure 1. A) Common CO2 activation modes and examples of CO2-ligated metal complexes. B) Active site 
of anaerobic carbon monoxide dehydrogenase from C. hydrogenoformans. C) Examples of transition metal 
and frustrated Lewis pair cooperative binding of CO2 leading to activation/functionalization. D) This work: 
DFT-derived transition state structure suggesting Lewis acid-assisted carboxylation during Cu-catalyzed 
boracarboxylation of vinyl arenes.   

Figure 2. The Cu(I)-catalyzed boracarboxylation of vinyl arenes.  

Figure 3. A) Computed molecular structure of ICyCuI-benzyl carboxylation transition state, illustrating an 
interaction between the boron atom of the ethyleneglycato (eg) boron ester and the proximal oxygen of 
CO2. B) Relevant natural bond orbitals illustrating a non-covalent Lewis acid-base interaction. Hydrogen 
atoms are omitted for clarity.  
 
Figure 4. Energetically feasible transition states for CO2 insertion in the carboxylation reaction pathway as 
well as the respective gas- and solvent-phase DH‡ values.   
 
Figure 5. Reaction coordinate for carboxylation of b-borylbenzyl-Cu(I) species and the various boron 
substituents employed.  

 

Figure 6. A) Natural charge on boron in each computed CO2 insertion transition state structure and the 
associated boron valence deficiency. B) The effect of boron valence deficiency on the enthalpic barrier of 
CO2 insertion in boracarboxylation mechanism. 
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Figure 7. Stabilization energies from NBO analysis of analogous oxygen- and nitrogen- containing boron 
fragments (black trace) and the relationship to the corresponding B-O interaction distances (red trace).  
Molecular structures featuring computed NBO interaction O(lp) à B(lp*) in IMeCu(CH(Ph)CH2B(eg)) is 
shown on right. Hydrogens omitted for clarity.  

Figure 8. Top left: A representative example of diboration reactions using diboron(4) compounds. Top 
right: A ligand-appended Lewis acid moiety participates in hydrogenation of alkyne substrates. Bottom 
left: Selective cross coupling that combines the concepts of intramolecular Lewis acid/base chelation and 
stabilizing neighboring effect of second boron substituents. Bottom center: Rare example of a one-pot 
diboration/cross-coupling through neighbor group activation. Bottom right: Generalized depiction of 
carboxylation chemistry using intramolecular Lewis-acid activation of CO2. 

 

 


